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Abstract:
The Asian kelp Undaria pinnatifida ('Wakame') is one of the most widespread 22 invasive non-native species in coastal marine habitats and is fast approaching cosmopolitan 23
status, yet its interactions with native species are poorly understood. Within the Plymouth 24 Sound (UK) Special Area of Conservation (SAC) Undaria has become a conspicuous and 25 important component of assemblages in shallow rocky reef habitats, where it co-exists with 26 native canopy-forming brown macroalgae. We examined the hypothesis that rocky reef 27 habitats supporting dense macroalgal canopies will have more biotic resistance to the 28 invasion of Undaria compared with reef habitats supporting disturbed or sparse native 29 canopies. Field surveys were completed at 2 spatial scales and sampling resolutions and a 30 short-term field-based canopy removal experiment was conducted to examine the influence 31 of native macroalgal assemblages on the abundance, cover, biomass and morphology of 32
Undaria. Field surveys indicated that Undaria was negatively related to the cover of 33
Introduction

48
The spread of non-native species (NNS) represents a major threat to global biodiversity (Bax 49 et al. 2003 ). Due to the inherent connectivity and openness of the marine environment, non-50 native species (NNS) are particularly prevalent and widespread in coastal marine 51 ecosystems (Ruiz et al. 1997; Bax et al. 2003) . Determining the ecological and 52 socioeconomic impacts of marine NNS is critical for prioritising management actions and 53 conservation measures, yet basic information on the population dynamics of NNS outside of 54 their native range is often lacking (Byers et al. 2002) . A robust understanding of the 55 mechanisms underpinning the spread of NNS, combined with an appreciation of the 56 direction and magnitude of ecological interactions with native species across a range of 57 habitats, are vital for assessing current and future ecological impacts. Marine NNS are often 58 introduced into, and proliferate within, artificial habitats such as ports, harbours, marinas and 59 modified embayments (Glasby et al. 2007 ). Once established, they can spread into nearby 60 natural habitats where they may interact with native biota and have the potential to drive 61 ecological change. The rate of spread into natural habitats and the nature of ecological 62 interactions with native species are likely to depend, to some degree, on the competitive 63 ability of functionally-similar native species and the biotic resistance of local communities 64 (Stachowicz et al. 2002; Crooks 2005) . This, in turn, will likely vary between invaded regionsbetween native macroalgae and Undaria across different sites and environmental conditions, 152 whereas the third component was manipulative to test the influence of native macroalgal 153 canopies and recruitment on early development of Undaria sporophytes. 154
Methods
155
Study region
156
The Plymouth Sound Special Area of Conservation (SAC) is internationally recognised as an 157 ecologically important complex of marine and coastal habitats (Knights et al. 2016 ). The area 158 supports a wide range of marine habitats and species, many of which are of ecological and 159 socioeconomic importance. Intertidal and shallow subtidal rocky reef habitat is widespread 160 throughout the SAC, typically supporting dense stands kelps and fucoids. The SAC is 161 characterised by strong environmental gradients, in that the outer reefs are more exposed to 162 wave action but less influenced by environmental variability (i.e. fluxes in salinity, turbidity 163 nutrients) driven by fluvial inputs from the Tamar and Plym river systems (Fig. 1) 
Field Surveys
171
To quantify the abundance and distribution of Undaria across Plymouth Sound, and to 172 examine how Undaria population structure may be influenced by the composition of native 173 macroalgae canopies, two field surveys were undertaken. The population dynamics of 174 Undaria are highly seasonal, with the dominant cohort of sporophytes recruiting in spring, 175 growing through summer and senescing in late summer/autumn (Arnold et al. 2016). To 176 capture maximum abundance and biomass values, our field surveys were conducted during 177 the summer months. The first survey was conducted at a 'broad' spatial scale but with lower 178 haphazard manner (Fig. 1) , based on the presence of shore access and suitable rocky 186 substrate (identified using Google aerial imagery © 2016 and by carrying out site visits). values, and therefore total percent canopy cover could be over 100%. Although video 207 transects only capture the uppermost layer of the algal assemblage, the approach was 208 deemed to satisfactorily sample the brown macroalgae because (i) the canopy-forming 209 species extend to similar heights above the rocky substrate and do not tend to uniformly 210 cover one another, and (ii) a pilot study indicated that Undaria and its native competitors can 211 be observed and identified within mixed stands. 212
For the fine-scale quadrat survey, two study sites (Firestone Bay and Drakes Island, see Fig.  213 1) were selected based on the following criteria: (1) a known presence of extensive shallow 214 subtidal (0-2 m depth below chart datum) rocky reef habitat; (2) a lack of point-source 215 anthropogenic impact (e.g. sewage outfall, marina entrance); and (3) confirmed 216 establishment of Undaria populations. Both sites were semi-sheltered with respect to wave 217 exposure, with protection from the predominant south-westerly swells offered by both Drakes 218
Island and the Plymouth Sound breakwater (Fig. 1) harvested by removing beneath the holdfast, placed into separate labelled mesh bags and 231 then returned to the laboratory for processing. On return to the laboratory, the following 232 morphological attributes were measured for each sporophyte: lamina length (cm), lamina 233 width (cm), stipe width (mm), stipe length (cm), sporophyll width (cm), sporophyll fresh 234 weight (g), total sporophyte fresh weight (g) and total sporophyte dry weight (g). 235
Canopy removal experiment
237
In March 2015, nine 3 m diameter circular plots were marked at Firestone Bay using rock-238 bolts secured in the centre of each plot. The plots were established in the low intertidal zone 239 (~0.7 m above chart datum; set up by hand during a spring low tide), ran parallel to the 240 shore, and were separated by a distance of >10 m. Plots were stratified for hard substrata 241 (i.e. bedrock and large boulders) and were established on horizontally-orientated surfaces 242 (rather than on vertical ledges and crevices). Four of the plots were randomly assigned to an 243 experimental treatment, whereby all canopy-forming macroalgae were removed (entire thalli 244 including holdfasts) from the 7 m 2 plot area. The remaining five plots where assigned as 245 controls, where macroalgae assemblages were left unmanipulated. No Undaria sporophytes 246 were observed in either the control or removal plots when they were established (which was 247 before the peak recruitment period). After a three-month period, a 1 m 2 quadrat was 248 randomly placed within each plot (excluding the outer 0.5 m edge). The abundance and 249 percent cover of all canopy-forming macroalgae (Undaria, L. digitata, S. polyschides, S. 250 latissima) was quantified by a single observer, and five mature Undaria sporophytes were 251 randomly selected and harvested for morphological analysis (as outlined above). Total 252 abundance and percent cover of Undaria competitors within each quadrat was calculated as 253 the sum of individual species values, and therefore total percent canopy cover could be over 254
100%. 255
Data analysis 256
For the broad-scale field surveys, the relationship between Undaria abundance and 257 competitor species cover was tested using generalised linear mixed models (GLMM) with a 258
Poisson distribution to best represent the response data. Site was treated as a random 259 factor, while the cover of competitor species was the fixed effect. Observations were 260 modelled as random effects due to overdispersion in the Poisson distribution (Harrison 261 2014). A model of Undaria abundance and total cover of competitor species was constructed 262 first, and when a significant relationship was identified, individual species effects were 263 assessed as separate terms. 264
For the fine-scale surveys, the relationship between Undaria and competitor species 265 abundance was also assessed using Poisson GLMMs. For Undaria cover and biomass 266 linear mixed models (LMM) were fitted to better represent the response data. In all cases 267 site was treated as a random factor, competitor abundance was the fixed factor for the 268 GLMMs, and competitor cover for LMMs. LMMs were assed visually for normality and 269 homogeneity of variance using quantile-quantile plots and predicted versus residual plots. 270
For all models the relationship between Undaria and total abundance or cover of competitor 271 species was tested first. When a significant relationship was identified, individual species 272 effects were assessed as separate terms. 273
The effect of the canopy removal treatment on the abundance (log transformed) and percent 274 cover (arcsin transformed) of kelps was examined with Welch's two sample t-tests. Pairwise 275 comparisons between disturbed and control treatments were carried out for each kelp 276 species separately. 277
Variability patterns in the morphology of Undaria sporophytes for both the fine-scale field 278 surveys and the canopy removal experiment were examined with multivariate permutational 279 analyses of variance (PERMANOVA) and metric multidimensional scaling (mMDS). 280
Morphological attributes of individual plants were treated as a multivariate response and a 281 similarity matrices were constructed from Euclidean distances between square-root 282 transformed data. For visualisation of the data, mMDS was conducted over two dimensions 283 under Kruskal fit scheme 1 using 100 restarts. For the field survey data, variability between 284 site, quadrat (nested within site), and either the total percent cover or abundance of 285 competitors (covariate) was tested by PERMANOVA with 999 permutations under a reduced 286 model with sequential sums of squares. For the canopy removal experiment, the effects of 287 treatment (fixed factor) and plot (random factor nested within treatment) on multivariate 288 morphology was tested with PERMANOVA, using 999 permutations under a reduced model 289 with partial sums of squares. As significant differences in morphology were observed 290 between treatments, SIMPER analysis was used to identify the primary morphological 291 response variables contributing to the dissimilarity. All univariate statistics were run in R 
Results
298
Field surveys 299
From the broad-scale field surveys, the total percent cover of competitors showed a 300 significant negative relationship with Undaria abundance (Table 1 , Fig. 2A ). When 301 separating by competitor species this relationship was shown to be due to a mixture of all 302 species (Table 1) . Scatterplots of Undaria abundance and each competitor species alone 303 identified some relationship between Undaria abundance and Laminaria spp., as Undaria 304 abundance generally decreased with increasing coverage of Laminaria spp. (Fig. 2B) . 305
However, no clear relationships between the spatial coverage of the other main competitors, 306
Saccorhiza polyschides and Saccharina latissima, and the abundance of Undaria were 307 observed ( Fig. 2C and 2D) . 308
For the fine-scale surveys at Drakes Island and Firestone Bay, the abundance and percent 309 cover of kelp species varied between sites (Fig. 3) . Undaria was higher in abundance and 310 percent cover at Firestone Bay, and the main competitor at both sites in terms of abundance 311 and percent cover was L. ochroleuca (Fig. 3) . The total abundance of competitors showed a 312 significant negative relationship with Undaria abundance (Table 2, Figure 4A ). When 313 separating by competitor species this relationship was shown to be primarily due to L. 314 ochroleuca abundance, with no significant effect from S. latissima or S. polyschides (Table  315 2). The total percent cover of competitors also exhibited a significant negative relationship 316
with Undaria percent cover (Table 2, Figure 4B ). This was due to a combination of L. 317 ochroleuca and S. latissima percent cover, with no significant effect from the percent cover 318 of S. polyschides (Table 2) . Similarly, the total biomass of Undaria was negatively related to 319 the percent cover of native competitors (Table 2, Figure 4C ) which, when broken down by 320 species, was primarily related to the percent cover of L. ochroleuca. The morphology of 321 Undaria significantly differed between sites (F(1,46) = 6.05, p = 0.022), however neither the
Canopy removal experiment 325 326
Three months following the canopy removal treatment, Undaria was present in both 327 treatment and control plots (Fig. 6) . However, the average number of sporophytes was 5.6 328 times greater in the removal plots compared with controls and the percent cover was 3.3 329 times greater in removal plots (Fig. 6) ; these differences between plots were statistically 330 significant. With regards to other canopy-forming macroalgae, L. digitata was not recorded in 331 the removal plots but was the dominant species (by cover) in the control plots (Fig. 6) ; both 332 abundance and cover of L. digitata were significantly greater in control plots. S. latissima 333 was more abundant but covered less area in the removal plots, but these differences were 334 non-significant (Fig. 6) . S. polyschides has slightly higher abundance and cover values in the 335 removal plots but again variability between treatments was non-significant (Fig. 6 ). An MDS 336 plot based on the multivariate morphological characteristics of Undaria suggested that 337 sporophytes in removal plots were distinct from those in control plots (Fig. 7) ; a 338 PERMANOVA test indicated that differences between treatments were significant (F(1,8) = 339 2.50, p = 0.012). Further examination of morphological variables showed that the 340 dissimilarity between treatments was primarily due to total fresh weight, sporophyll weight 341 and lamina length of sporophytes , which were, on average, all greater in removal plots than 342 those in control plots (Table 3) . Additionally, sporophytes from removal plots had greater 343 average values for total sporophyte length, stipe width, sporophyll width and total dry weight 344 compared with those in control plots, but these differences were not important contributors to 345 the observed dissimilarity. 346
Discussion
347
The study supports our principal hypothesis that natural habitats supporting dense native 348 macroalgal canopies have more biotic resistance to invasion by Undaria than disturbed or 349 sparse canopies. Across the field surveys, significant negative relationships between 350 Undaria abundance, cover and biomass and the density or cover of native macroalgal 351 
from extremely wave exposed to wave sheltered and from highly disturbed (e.g. marinas) to 372 relatively pristine habitats, (ii) previous work has indicated overlapping environmental 373 requirements between Undaria and Laminaria spp. (Yesson et al. 2015) , and (iii) competitive 374 release following canopy removal (see below) increased Undaria recruitment and growth, we 375 suggest that ecological interactions were important drivers of observed patterns. 376
As with previous work in Australia (Valentine and Johnson 2003) we suggest that 377 competition for space was less important than for light, as there was ample reef surface 378 available for attachment of Undaria propagules and sporophytes, given that the cover of 379 understorey species was generally low (less than ~40%, authors pers. obs.) and the number 380 of kelp holdfasts attached to the reef was also quite low (i.e. the total abundance of all 381 competitors was generally <10 inds.m resources perhaps becoming important, the relationships described here were unlikely to 391 have been driven by competition for nutrientsbiomass. L. hyperborea and L. ochroleuca are long-lived perennial kelps (both can exceed 6 395 years of age within Plymouth Sound, Smale unpublished data), which form rigid stipes and 396 exhibit upright, stipitate growth forms with large lamina that create dense canopies. As such, 397 the competitive pressure exerted upon understorey macroalgae is likely to be intense, and a 398 high abundance and cover of these species was related to low abundance, cover and 399 biomass of Undaria. Although it is shorter-lived and forms a more flexible stipe, L. digitata 400 also forms dense monospecifc canopies and its thick, extensive laminae are likely to restrict 401 light penetration to the underlying substrate. In contrast, the relationship between Undaria 402
and Saccharina latissima was weaker and less consistent. S. latissima is a shorter-lived 403 perennial species (generally 2-3 years old in Plymouth Sound, Smale, unpublished data) 404 with a short, flexible stipe that exhibits a prostrate growth form. It is plausible that S. 405 latissima exerts less competitive pressure on Undaria for three reasons: first, it lies flat on 406 the seabed without forming an elevated canopy and, as such, may allow more light to reach 407 Undaria gametophytes and young sporophytes attached the reef. Second, it can function as 408 an early successional species under moderately wave exposed conditions, such as at 409
Drakes Island, where its sporophytes are typically relatively small and short-lived (Leinaas 410 and Christie 1996). Third, it is more patchily distributed and is often found attached to semi-411 stable substrates in more wave-sheltered environments, where it generally does not form 412 continuous, dense monospecific stands. As such, S. latissima may exert less pressure on 413 resources such as space and light and allow for recruitment and growth of Undaria. 414
We did not, however, detect any major influence of the abundance or cover of S. 415 polyschides on Undaria. This could be due to the fact that like Undaria, S. polyschides is a 416 pseudo-annual species, which develops young sporophytes in spring that grow rapidly 417 throughout summer before senescing during the autumn/winter period (Norton and Burrows 418 Our results suggest that the biotic resistance of macroalgae assemblages to invasion by 504
Undaria is likely to vary spatially, depending on the identity and abundance of competing 505 native species and environmental context. Overall, the presence of dense Laminaria 506 canopies is likely to limit, but not prevent, assimilation of Undaria into native communities, 507 due to the superior competitive ability of the large, stipitate, perennial kelps. Even so, 508
Undaria sporophytes were still recorded within dense Laminaria canopies, suggesting that 509 disturbance to the canopy is not a prerequisite for successful invasion. Other native 510 macroalgae are likely to exert weaker competitive pressure, perhaps due to their life history 511 or morphology. It should be noted that the majority of our findings were based on 512 observational surveys, which are correlative in nature and cannot determine causation. 513
Clearly, long-term manipulative experiments are required to fully unravel the strength and 514 direction of ecological interactions between Undaria and native canopy-forming macroalgae. 515
We suggest that Undaria is likely to remain a conspicuous component of macroalgal 516 assemblages on rocky reefs in Plymouth Sound and elsewhere, given its widespread 517 
